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ABSTRACT 


THERMAL  INACTIVATION  OF  S.  COLI  AND 
ITS  INTRACELLULAR  E-GALACTOSIDASE 


OBJECTIVE 


To  determine  whether  the  1'inetics  of  thermal  inactivation  of  E. 
coli  K12/37  and  its  intracellular  enzyme,  S-galactosidase,  ire  suitable 
for  inclusion  in  systems  used  to  evaluate  mathematical  models  for  ana¬ 
lyzing  thermal  effects  of  laser  radiation. 

RESULTS 


Reaction  rate  constants  for  the  two  systems  have  been  determined, 
and  the  inactivation  rates  appear  to  be  approximately  first  order  with¬ 
in  the  limited  temperature  range  studied. 

CONCLUSIONS 


Since  the  kinetics  of  the  two  thermal  inactivation  systems  investi¬ 
gated  are  relatively  simple,  these  systems  can  be  incorporated  into  a 
system  for  evaluating  models  which  predict  mathematically  the  thermal 
damage  resuiting  from  laser  radiation. 
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THERMAL  INACTIVATION  OF  £.  COLT  AND 
ITS  INTRACELLULAR  6 - GALACTCSI DASE 


INTRODUCTION 

The  biological  effect  of  an  input  of  thermal  energy,  from  a  radia¬ 
tion  source  such  as  a  laser,  is  caused  by  a  rise  in  temperature  that 
continuously  varies  with  time-  The  temporal  (time)  integral  of  the 
rate  of  damage  depending  upon  temperature  should  be  indicative  of  the 
total  damage.  Attempts  to  sum  the  damage  rates  as  a  function  of  tem¬ 
perature  change  for  complex  systems  such  as  skin  have  met  with  limited 
success  because  of  difficulties  in  either  measuring  the  temperature  of 
the  skin  during  the  thermal  episode  or  calculating  the  temperature  of 
the  skin  since  its  thermal  properties  are  uncertain. 

If  a  simple  system  could  be  developed  of  which  the  time-temperature 
history  and  biological  sensitivity  could  be  determined  under  conditions 
approximating  those  in  which  laser  injury  occurs,  this  system  could  be 
used  to  evaluate  mathematical  models  for  analyzing  thermal  effects  in 
more  complex  situations.  Such  a  system  must  meet  two  requirements. 

Gne  is  that  accurate  measurements  can  be  made  of  the  spatial  and  tem¬ 
poral  changes  in  temperature .  The  other  is  that  quantitative  measure¬ 
ments  of  thermal  injury  can  be  readily  determined. 

This  study  is  an  investigation  of  the  kinetics  of  thermal  inactiva¬ 
tion  of  the  bacterium  E.  ooti  and  one  of  its  intracellular  enzymes,  8- 
galactosidase,  to  determine  whether  these  reaction  kinetics  are  simple 
enough  to  make  them  useful  in  the  analysis  of  thermal  effects  resulting 
from  laser  radiation.  If  the  inactivation  rates  are  essentially  first 
ctder,  the  reaction  constants  can  be  utilized  in  relatively  simple 
mathematical  expressions  for  testing  the  usefulness  of  specific  predic¬ 
tive  models  for  subsequent  use  in  more  complex  systems  such  as  skin. 

METHODS 

A  large  culture  of  E,  coVi  K12/37,  a  cryptic  mutant  isolated  in 
this  laboratory  from  the  wild  type,  was  grown  in  a  synthetic  medium 
(Spizizen's  minimal  medium  (1))  with  0.5%  glycerol  as  the  carbon 
source  and  S  x  10-4  M  isopropyl-S-D-thiogalactopyranoside  (IPTG)  as 
the  inducer  of  8-galactosidase  synthesis.  When  the  ceils  were  fully 
induced  and  had  begun  the  stationary  phase  of  growth,  they  were  harvest¬ 
ed  by  centrifugation  in  the  cold,  washed  with  Spizizen’s  minimal  medium 
to  remove  the  IPTG,  thus  preventing  further  induction,  and  then  Tesus- 
pended  in  the  minimal  medium  containing  5%  by  volume  of  glycerol.  Ali¬ 
quots  were  then  frozen  in  a  dry  ice-alcohol  bath  and  stored  at  -70°C. 

The  rapid  freezing  in  a  glycerol  medium  and  the  low  temperature  stor¬ 
age  maintain  essentially  100%  viability  of  the  cells  and  protect  the 


‘Spizizen,  J,  Transformation  of  biochemically  deficient  strains  of 
Sa&Clhsar  subtilis  by  deoxyribonuclease.  ?roe,  Nat,  Acad.  Sci.  44: 
1072,  1958, 
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g-galactosidase  from  any  loss  of  activity.  The  same  batch  of  frozen 
stock  was  used  for  all  experiments  to  ensure  uniformity  of  enzyme  con¬ 
tent  and  to  eliminate  the  effects  of  possible  variation  in  heat  sensi¬ 
tivity  from  one  batch  of  cells  to  another. 

Prior  to  an  experiment^  the  frozen  stock  was  rapidly  thawed,  di¬ 
luted  to  the  desired  concentration  with  Spizizen’s  minimal  medium,,  and 
the  resulting  cell  suspension  held  in  an  ice  bath. 

Inactivations  were  carried  out  it  a  glass  chamber  surrounded  with  a 
jacket  through  which  water  of  the  desired  temperature  circulated.  Fif¬ 
teen  ml  of  Spizizen's  minimal  medium  were  introduced  into  the  chamber 
and  stirred  with  a  magnetic  stirring  bar.  Temperature  in  the  chamber 
was  monitored  continuously  with  a  copper-constartan  thermocouple  and 
recording  potentiometer.  The  temperature  could  be  measured  within 
0.1°C,  When  the  temperature  within  the  chamber  had  equilibrated,  0.1 
ml  of  cells  was  diluted  into  the  medium  using  an  Eppendorf  pipette  with 
a  warmed  tip.  This  procedure  resulted  in  a  drop  in  temperature  of  about 
0.2°C,  the  original  temperature  being  regained  within  a  half  minute. 
Because  of  this  initial  drop  in  temperature,  sampling  was  not  begun 
until  the  temperature  had  returned  to  the  desired  level.  At  appropri¬ 
ate  intervals,  0.1  ml  samples  were  withdrawn  from  the  chamber  using  an 
Eppendorf  pipette.  Since  the  pipettd  tips  were  warmed  to  the  same  tem¬ 
perature  as  the  cell  suspensions,  no  detectable  drop  in  te-nperature  in 
the  chamber  occurred. 

When  cell  inactivation  experiments  were  being  conducted,  the  samples 
were  immediately  diluted  into  10  ml  of  chi lied  minimal  medium  to  halt 
the  inactivation  process.  After  further  appropriate  dilutions,  pour 
plates  were  made  with  nutrient  agar.  Plates  were  counted  after  48 
hours  of  incubation  at  37®C.  Control  cell  levels  were  determined  by 
diluting  O.i  ml  of  chilled  cells  into  IS  ml  of  Spizizen’s  minimal  me¬ 
dium  at  room  temperature  and  treating  0.1  ml  of  the  diluted  suspension 
in  the  same  manner  as  the  samples  from  the  inactivation  chamber. 

For  enzyme  inactivation  experiments,  the  0.1  ml  samples  were  di¬ 
luted  into  0  04  ml  of  toluene  and  5.0  ml  of  chilled  Spizizen’s  minimal 
medium,  containing  in  each  mi  SO  Pg  chloramphenicol ,  100  pg  bovine  se¬ 
rum  albumin,  and  12. S  pg  sodium  deoxychoiate,  and  then  mixed  vigorously 
eft  a  vortex  mixer.  The  toluene  and  deoxycholate  served  to  break  down 
the  cells  end  release  the  enzyme  and  the  chloramphenicol  to  inhibit 
bacterial  growth.  The  purpose  of  the  albumin  was  to  protect  the  enzyme 
since  it  tends  to  lose  its  activity  in  dilute  solutions.  After  evapora¬ 
tion  of  the  toluene  ip  a  water  bath  at  37”C,  the  crude  extract  ■  were 
assayed  for  8-galactosidase  as  previously  described  (2).  Control  en¬ 
zyme  levels  were  determined  in  the  same  way  on  a  0.1  ml  sample  Gf  di¬ 
luted  cells 
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RESULTS  AND  DISCUSSION 


Thermal  inactivation  of  S-galac'cosidase.  Figure  1  presents  a  typ¬ 
ical  inactivation  curve  for  each  of  the  temperatures  employed  and  il¬ 
lustrates  that  the  kinetics  of  inactivation  approximate  those  of  a 
first  order  reaction  within  the  temperature  range  of  S8.9°C  to  63.3°C. 
Although  control  enzyme  levels  were  determined  fer  each  experiment, 
they  were  not  plotted  on  the  graph  as  zero  tine  values  because  the 
initial  drop  in  temperature  in  the  chamber  made  them  invalid  as  100% 
values. 


Fig.  1.  Thermal  inactivation  of  intracellular  S-galactosidase 
at  temperatures  ranging  from  58.9°C  to  63.5°C.  The  logarithm 
of  the  enzyme  activity  is  plotted  as  a  function  of  time  of  ex¬ 
posure  for  each  temperature. 


The  inactivation  constant  in  sec'i  for  each  temperature  was  calcu¬ 
lated  from  the  slope  of  the  line  as  determined  by  a  least  squares  fit  of 
the  data.  These  inactivation  constants*  together  with  the  mean  and 
standard  deviation  for  each  temperature,  are  listed  in  Table  1.  There 
was  good  agreement  in  the  constants  calculated  for  each  temperature  ex¬ 
cept  for  the  first  value  determined  at  58.9°C.  There  was  also  a  good 
deal  more  scatter  in  the  points  on  the  inactivation  curves  for  this  tem¬ 
perature.  The  calculated  standard  deviation  was  20%  for  the  inactiva¬ 
tion  constant  at  53.9dC  while  in  the  other  cases  it  ranged  from  7  to 


TABLE  1 

Reaction  Rate  Constants  for  Thersai  Inactivation 
of  Intracellular  S-Galactosidase 


Tesperature 

("C; 

S8.9 

59.8 

k*  x  IS 

60.4 

3 

61.4 

62.3 

63.5 

1.50 

1.7  2 

2.53 

6.77 

11.4 

30.5 

0.94 

1.84 

3.22 

5.13 

11.4 

23,0 

1.01 

1.59 

3.13 

5,42 

11.7 

32.4 

1.02 

1.86 

« -33 

6.15 

i'3.6 

35.3 

1.11 

1,76 

2.  ^ 

5.92 

11.7 

31.5 

1.83 

2 

5.16 

10,9 

29.2 

1.26 

4.01 

10. S 

30.7 

' 

1.67 

2.4„ 

4.64 

10.6 

30. S 

26.7 

26.3 

Mein,  stand- 

ard  deviation 

1. 12+G.22 

1.78*0.12 

2.70+0.35 

5.40^0.87 

ll.S  2.0.3 

30.1  12.4 

Vio" 

35,6  *5.8 

21.3  +1.3 

14.4  *1-8 

7.23^1.2 

3.36+0.26 

i.  27+0.  II 

*Tiee  in  mnutes  for  90%  of  the  ensyae  to  he  inactivated. 


The  t ijzq  value  for  each  temperature  Is  also  listed  In  Table  1. 

This  figure  is  the  exposure  time  in  minutes  when  20%  of  the  enzyme  still 
remains  in  an  active  form. 


When  the  logarithm  of  the  inactivation  constant  was  plotted  against 
the  reciprocal  of  the  absolute  temperature s  a  linear  relationship  re¬ 
sulted  (Fig.  2).  Each  point  on  the  curve  is  an  average  of  at  least  five 
determinations  of  the  inactivation  constant  at  that  particular  tempera¬ 
ture. 
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constant  ox  intracellular  S-galactosidase  as  a  fuss 
tl0?-  or  tne  reciprocal  of  the  absolute  temperature. 
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Fig.  3.  Thermal  inactivation  of  E.  coli  Y.12/7,7  at  tern-* 
peratures  ranging  from  S1.0°C  to  55.6° C.  The  logarithm 
of  the  number  of  viable  cells  is  plotted  as  a  function 
of  time  of  exposure  for  each  temperature. 


TAB1E  2 

Reaction  Rate  Constants  for  Thermal  Inactivation  of  B.  coli  K12/37 


Tcsperature 

C-C) 


53.5 

54.2 

55.6 

8.11 

16.9 

27.6 

8,60 

16.0 

25.8 

8.32 

10.4 

25.2 

9.38 

J7.2 

28.3 

9.16 

12.7 

24,7 

9.20 

IS. 9 

31.8 

11.2 

15,4 

13.8 

19.0 

Mean,  stand¬ 
ard  deviation 

1.05+0.16 

2.39+0.44 

3.96+0.67 

9.75+1.88 

15.4  *2.7 

27.2  *2.6 

t, 

37.5  +5.5 

16.7  +3.6 

10.0  +1.8 

4,05+0.64 

2.56+0.54 

1.43+0.14 

*Tise  in  minutes  for  90%  of  the  cells  to  be  inactivated. 
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Fig,  4.  Plot  of  the  logarithm  of  the  inactivation  con¬ 
stant  of  B.  noli  K12/37  as  a  function  of  the  reciprocal 
of  the  absolute  temperature. 


CONCLUSIONS 


The  kinetics  of  the  thermal  inactivation  Of  E .  coli  K12/37  and  the 
enzyme,  8-gal actosidase,  do  not  appear  to  be  complex  in  the  temperature 
range  studied.  These  simple  reaction  kinetics,  if  valid  for  other  en¬ 
vironmental  conditions,  are  suitable  for  use  in  model  systems  in  simpli¬ 
fying  the  analysis  under  conditions  of  constantly  varying  temperatures. 
The  two  thermal  inactivation  systems  examined  will  be  useful  in  the  study 
of  the  thermal  effects  of  the  high  temperatures,  short  exposure  times, 
and  constantly  varying  temperature  resulting  from  laser  radiation. 


8 


UNCLASSIFIED 


DOCUMENT  CONTROL  DATA  -  R  is  D 

(Security  ct***!(lc&ila&  oi  body  nt  abstract  ar*d  irtd*  wbif  aanctmtfon  sh itt  6*  mtarad  nhn*  tba  oraratt  raport  ta  cUrof 


I  OntetNATJMO  ACTIVITY  ( Cetpermi*  txjtfier)  {2*.  ftlMRT  9XCUA1TY  CL.ASft*?IC«t.TlOK 

„  UNCLASSIFIED 

US  Army  Medical  Research  Laboratory  _ _ 

Fort  Knox,  Kentucky  40121  “* MOUP 


*.  REPORT  TITLE 

THERMAL  INACTIVATION  OF  S,  COLI  AND  ITS  INTRACELLULAR  S-GALACTOSIDASE 


4.  OEICfttPTiVE  HOT34  (Trp*  dSrrpcrt  <ocfiO/»*  dit„) 

Interim  Report 


8.  AUTHORO)  (Pleat  ra*»s*,  mldrn*  taatnmma) 

Dorothy  M.  Witt,  M.S.,  and  Arnold  S.  Brownell,  Ph.D. 


*-  REPORT  DATS 

17  March  1970 


<4.  CONTRACT  OR  GRANT  NO. 


7m.  TOTAL  NO.  OR  PACES  76.  NO.  OP  REPS 

8  3 


I M.  ORIGINATOR**  REPORT  NUMBER!*) 


*.  project  mo.  3A061 102B71? 


e.Task  No..  02 
a. Work  Unit  No.  010 


IO.  DISTRIBUTION  STATEMENT 


JOS.  OTHER  REPORT  NOW  (Attf  001*7  uOBtmn  Mm, 
OtU  MyotQ 


6«  MMtlgHMd 


This  document  has  been  approved  for  public  release  and  sale;  its  distribution  is  un¬ 
limited. 


IS.  SPONSORING  MILITARY  ACTIVITY 


US  Army  Medical  Research  and  Development 
Command,  Washington,  D.  C.  20314 


19.  A«»TRACT 


The  kinetics  of  thermal  inactivation  of  E.  coli  K12/37  and  its  intracellular  en¬ 
zyme,  8-galactosidase,  have  been  determined  within  a  limited  temperature  range.  Since 
their  reaction  rates .are  simple,  these  two  systems  can  be  incorporated  into  a  system 
for  the  evaluation  of  a  model  which  mathematically  predicts  laser  injury. 


.1473 


*3**.*i;c*  ©o  1479.  t  jam  ««.  wick  i* 

e*3&L*T£  AMY  U*ft. 


UNCLASSIFIED 

dUfte£fie£:lc«r 


KEY  WORD* 


UNCLASSIFIED 

Security  CUwihcttkm 

i*. 


Laser,  injury,  biological 
Biophysics 
j Theneai  hazard 
!  Radiation,  sechanisa 
Enzymes 


